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Introduction
Accurate reconstruction and analysis of volumetric data are critical to understanding material microstructure in three dimensions (3D) and for improving the accuracy and efficiency of image-based 3D modelling [1] . Given the range of length scales for which 3D information is required a suite of methods have been developed including mechanical serial sectioning [2] [3] [4] [5] , microtomy [6] , SEM ultra-microtomy [7] [8] [9] , laser sectioning [10] , Xe + Plasma Focused Ion Beam (PFIB)
sectioning [11] , Focused Ga + Ion Beam (FIB) sectioning [12] [13] [14] , 3D
Transmission Electron Microscopy (3D TEM) [15] , and 3D Atom Probe techniques [16] . Taken together they cover a very wide range of scales and they can be integrated into what has recently been termed correlative tomography schemes [17] . Here we examine the potential of serial Broad Ion Beam (BIB) Ar + ion polishing as an advanced serial section tomography (SST) technique for destructive 3D material characterisation that holds particular promise with regard to collecting data from volumes with lateral dimensions significantly greater than 100 µm and potentially millimetre sized areas. Conventionally when applying serial section tomography it is assumed that the slices are planar and parallel, that the individual image slices in the X-Y plane are not distorted by the image acquisition system, and that the slice thickness in the Z-direction is the same for all slices. Post-processing and image segmentation of the data set usually only takes into account rigid body motions, i.e. X-Y alignment and rotation of individual slice images caused by the any stage movements between milling and imaging operations [2] [3] [4] [12] [13] [14] . More advanced data analysis can allow for shearing and stretching to compensate for drifts arising during acquisition in scanning probe based imaging. For well-defined microstructures, advanced analysis use mutual information from optical micrograph-EBSD image pairs with a high level of similarity and Nelder-Mead based optimisation algorithms [1] . In practice slice thickness and orientation can vary from slice to slice [18, 19] . This variation can arise from: offset errors in slice thickness calibration, variations in slice thicknesses associated with moving between milling and imaging operations, and interaction between the material surface and the 'cutting tool', e.g. surface charging effects [20] , beam heating and fluctuations in the ion beam source. In addition, the surface of the slice may display some deviation from flatness. This depends on the sectioning method used; for example mechanical polishing often produces convex surfaces with dimples in the softer phases [21] . PFIB top-down cross-sectioning [22] and FIB based SST may generate pronounced topographical effects, e.g. curtaining and shadowing [23] . Finally, the 'cutting' process may induce changes in the material being imaged, e.g. mechanical polishing may transform cubic Co into the hexagonal phase in WC-Co hardmetal [14] . In particular, the FIB-irradiation process can lead to both geometrical changes (e.g., material redeposition or swelling), but also to changes in the intrinsic physical properties (e.g., crystallinity, elasticity, conductivity, electrostatic charge and residual stress) and chemical characteristics (e.g., surface composition and hydrophilicity) of the surface layer [24, 25] .
Serial sectioning by argon broad ion beam (BIB) milling [26] for 3D-EBSD data acquisition and visualisation [27] allows crystallographic information to be obtained at SEM resolutions from much larger volumes of material (250×250×100 µm 3 or larger) than is feasible with FIB based SST. BIB polishing produces clean undamaged surfaces yielding high quality electron backscattered patterns (EBSPs) even for difficult materials comprising hard and soft phases such as hardmetals [21] , as will be shown later in Section 3.1. However, sections may be non-planar with pronounced topographical effects, e.g. curtaining and shadowing [26, 28] , which locally distort the EBSD maps. Irrespective of the polishing method, the long acquisition times and high e-beam incidence angle 2 associated with EBSD mapping can additionally introduce image drift (time-varying distortions) and longrange image distortion (spatial distortions), e.g. trapezoidal and rhomboidal distortions [29] . As a result, the EBSD reconstructed microstructure can misrepresent the true structure, leading to inaccurate measurement of microstructural features both in 2D and 3D. By contrast, SEM images can be acquired at normal angle to the sample surface (minimising spatial distortions) within seconds (reducing timevarying distortions), giving image distortion below a pixel. A very efficient way of reducing time-varying distortions in the SEM is the acquisition of SEM images by integration over several frames (6−10) collected at short dwell times of about 3 µs per point. This reduces time-varying distortions to < 0.02 pixels [30] . This paper looks at the feasibility of obtaining accurate 3D reconstructions by serial section BIB polishing looking particularly at 3D EBSD acquisition through the consideration of characterising a hardmetal. These materials are widely used in machining, cutting, mining and drilling tools for example in the oil and gas industries. Hardmetals contain a high fraction of a ceramic phase (here WC) held together by a ductile metallic phase (here Co) and are typically formed by liquid-phase sintering. The mechanical properties of cemented carbides strongly depend on the size of the WC grains [31, 32] . During sintering the average grain size coarsens, sometimes leading to a bimodal grain size distribution where some grains are significantly larger than the average through abnormal grain growth (AGG) [33] [34] [35] . Until recently the grain size distribution and the coarsening have been studied using planar images [34, 36] along with methods that transform the 2D size distribution to 3D (the inverse Saltykov method) [14, 33] . Recently, the 3D grain size distribution has been studied using 3D-EBSD in the FIB-SEM [14] , however this has been limited to fine grained materials because of the small volumes ( < 50 µm in size) that can be examined in this way.
Here we explore the use of two different Broad Ion Beam systems: one with a single wide Ar + ion beam (a Gatan PECS system), and one with two much narrower beams (a Gatan Ilion system) for large volume SST. We have identified and quantified uncertainties and artefacts arising from sample preparation and the data acquisition process and propose methods for their correction using WC-11%wt. Co hardmetal as a case study. While these proof of concept studies have involved manual transfer between the BIB system and the electron microscope and are thus time consuming (1-2 slice per day), future automated sample transfer methods [37] are likely to significantly extend the efficacy of the method for large volume, low damage serial sectioning for 3D imaging.
Experimental procedure and 3D reconstruction methodology
The workflow for large volume broad ion beam 3D-EBSD serial section tomography is conceptually the same as for SST using mechanical, FIB or PFIB sectioning. In essence a series of sections (layers) are successively revealed. After each material removal step in the BIB system the sample is placed in an SEM and crystallographic information is collected by EBSD mapping, followed by secondary electron (SE) image acquisition of the mapped area. EBSD maps of band contrast (BC) and orientation (with inverse pole figure colouring) (IPF) are used to form EBSD/SEM image pairs in the subsequent analysis to correct distortions of the EBSD maps. Typically, the coregistration of successive images is aided by markers introduced on the specimen surface, e.g. microhardness indents [1] or in our case using FIB milled markers (renewed after 6-12 slices). For FIB or PFIB serial section tomography the experimental procedure can be fully automated and performed within a dual ion and electron beam microscope [14, 22, 38] . By contrast, for large area mechanical serial sectioning material is successively removed outside the SEM [1, 5] . An attempt has been made to incorporate a BIB system inside the SEM chamber [26] , however in our study the sample is manually passed between the BIB system and the FIB-SEM (see Fig. 1 ). Subsequently, the datasets are post-processed/corrected, registered, segmented and the microstructure is reconstructed using dedicated 3D visualisation and analysis software. Considerable potential exists for employing automated workflows in the future.
Samples
The material studied in this investigation is a coarse grained (≈5 µm mean grain size) WC-Co hardmetal (11E) containing 11 wt% Co. The alloy was produced by Marshalls Hard Metals Ltd using conventional powder metallurgical methods. Two samples, one for the PECS and one for the Ilion broad ion beam system, were cut to 1×1×3 mm 3 and 1×3×4 mm 3 respectively using a diamond wheel. One side (1×3 mm 3 ) of each specimen was metallographically prepared by mechanical polishing using 9 and 1 µm diamond suspension in consecutive steps prior to BIB serial sectioning.
Broad ion beam sectioning
In order to determine the 3D microstructure of WC and Co grains, closely spaced serial sections were taken for each specimen using either the Gatan PECS or an experimental version of the Gatan Ilion broad ion beam systems (see Fig. 1 ). In essence, both systems use Ar + ions guns to mill/etch the material surface. The PECS system has one (5 mm full width at half maximum (FWHM)) gun whereas the Illion uses two (1 mm FWHM), etching/sectioning guns. In each case a mask/shield is used to selectively expose a layer of material (Fig. 2) . In the Illion BIB the sample was mounted on the back of a titanium shield using 'silver dag' and aligned flat with the top of the back flat edge of the shield. During the milling the front edge of the shield is exposed to the BIB and gradually milled away with the sample top surface. After milling dozens of layers the top edge of the Ti shield becomes concave requiring replacement of the shield. A custom designed sample holder with variable tilt and specimen rotation for PECS and FEI xT Nova NanoLab 600i Ga + FIB-SEM (see Fig. 2 the top row) was used. The PECS system uses a molybdenum shield conferring a longer lifetime. Prior to manual serial sectioning, a series of tests were performed to establish the milling conditions giving undamaged sample surfaces suitable for EBSD, while maintaining good BIB milling rates with minimum surface roughness. A three step milling procedure was identified for the PECS (see Table 1 ); firstly coarse milling with a high beam current and voltage, followed by two polishing steps with low beam energy. In contrast, the Illion milling involved a one-step procedure (Table 1) . Given the manual sample transfer process, the milling conditions, e.g. the position of BIB maximum flux of Ar + ions against the centre of rotation of specimen, the beam shape and the sample position inside the vacuum chambers of both systems may vary over time. The BIB milling method places a limit on the minimum slice thickness required to expose a completely new surface. For the PECS and Illion systems these were, respectively, about 260 nm and 700 nm thick, exposing areas of around 600×600 µm 2 and 250×250 µm 2 . In each case this process was repeated multiply to create a stack of 35 sections for each sample.
Fiducial marks and crossed circular markers (see Fig. 3 ) were added within the field of view of the SE SEM micrographs in four corners, but outside the area of interest, using the FIB gun of the Ga + dual beam system. This allowed the same area to be imaged at the normal angle in the SEM for each section. Since the fiducial markers are slowly polished away, new fiducial marks and depth markers were placed on the sample typically every twelfth and sixth section for the PECS and the Illion system respectively. The slice thickness, h i , can be determined from Eq. (1) and the spacing between the crossed markers, l i and l i+1 knowing that the crossed markers are milled at the angle 52°to the sample surface (see Fig. 3 ):
After each milling step the samples were remounted on pre-tilted holders, see Fig. 2 , and EBSD maps of (0.2×0.2 µm 2 resolution) were acquired in the SEM (at 30 kV, 10 nA) at 70°angle to the electron path using an HKL EBSD camera (4×4 binning). The EBSD indexing speed was about 25 ms per point and the indexing rates above 96% on average. The crystallographic orientation at each point on every section was determined by HKL Channel 5/Tango software, creating orientation maps using Inverse Pole Figure ( IPF) colouring to show the grains. The grain boundaries for each 2-D EBSD map were determined using a 3°misorientation angle criterion after a noise reduction post-processing step 3 to fill up non-indexed areas to about 99.5% of the total area.
Later, secondary electron SEM images were acquired in the FIB-SEM at a normal angle to the surface (0°stage tilt) using 90°sample holders (see Fig. 2 ). These images were integrated from 8 frames collected at 3 µs dwell time. This imaging method reduced time-varying distortions to < 0.02 pixels [30] . Later, these SEM micrographs are used as a reference, non-distorted images for the image co-registration process (see Section 2.3). It is noteworthy that the manual process of data collection for each sample took about 35 working days, essentially 1 d per slice for each sample (two slices per working day); excluding optimisation trials. After collecting all the slices, two additional experimental steps were added in order to measure the 2D surface profiles and the roughness of the BIB milled surfaces. Firstly, the final surface profiles of both samples was mapped using a Nanofocus µscan SC200 laser profilometer (3×3 µm 2 spatial resolution and 0.02 µm accuracy in the Z-direction). The surface roughness, R q and the peak height, R p , was assessed within ISO 11562 standard, using a 5 µm needle filter and 100 µm cut-off/measurement length, whereas waviness, W t , was measured over a length of 1000 µm. Secondly, high resolution line roughness profiles were measured in the horizontal and vertical directions from SEM images of the FIB milled cross-sections. The dual beam system cut crossed trenches 100 µm long in the centres of the areas previously mapped by EBSD. The data points on the line profiles were spaced by 0.2 µm with 0.024 µm accuracy 4 in the Z-direction.
3D-EBSD image registration
To create the EBSD image stack with the IPF orientation maps (images), the EBSD/SEM image pairs need to be co-registered first by mapping band contrast (BC) images of the EBSD data (which show well-defined grains and grain boundaries) onto reference (non-distorted) secondary electron SEM images showing the same features. It is clear from Fig. 4 that the BC/SEM image pairs are noticeably dissimilar, exhibiting long-range (LRD) and short-range (SRD) distortions. It should be noted that the LRD and SRD imperfections of each IPF image are identical to those of the corresponding BC image. LRD distortions arise because fine resolution EBSD data is collected at a 70°s ample tilt angle, over large convex/concave surface area (see Section 3.2), using a single frame and slow scanning of electron beam (25 ms per point). Whereas SRD are induced by local waviness (dimples) with distinct ridges on the BIB polished surface. These result in the formation of kinks on grain boundaries mapped on BC images, see Fig. 4e ) and f.) Both distortions are intensified by low electron beam incidence angle needed for standard EBSD acquisition conditions. Iterative co-registration procedures based on common information between the image pairs using Nelder-Mead based optimisation algorithms [1] are likely to fail because BC images and SEM images are dissimilar and additionally BC images have large local image distortions gradients, see details in Fig. 4e ) and f). Consequently, a different approach has been used here. Automated co-registration algorithms embedded in stand-alone Matlab-based software using a trainable Combination of Shifted Filter Response (COSFIRE) algorithms [39] were used to detect arrays of points for characteristic microstructural features of the BC/SEM image pairs. On this basis, the BC and IPF images were deformed using a Moving Least Squares (MLS) rigid deformation method [40] . In compact form the deformation is described as f(p i )=q i , where f produces smooth and rigid deformations and f is the identity function (i.e. p i =q i = > f(v)=v and p i are reference, non-distorted handle points, and q i are distorted handle points -keypoints). The software (see Fig. 1 ) allows for coregistration of whole areas of the image (see Fig. 4 ), i.e. the long-range (LR) corrections, and corrects locally using the short-range (SR) corrections. The detailed description of the automated co-registration procedure is presented in [41] and so is omitted in this work.
After the images were co-registered, the IPF map stacks were transferred into FEI Avizo Standard/Fire visualisation software and aligned using a least-squares minimisation method [42] aided by the use of fiducial marks. The layers were spaced using the average slice thickness of the measured stacks (see Section 3.3.). The individual grains were segmented within the images. The segmentation process for thresholding the colour (RGB channels) values was straightforward, since each orientation has a different colour and the grain boundaries are well defined. The statistical analyses of the grain size and visualisation of the reconstructed microstructures mesh generation process used a constrained smoothing option with a minimum edge length of 0.4 voxel, after [14] .
Results and discussion

Broad ion beam polishing for EBSD
High energy focused ion beam milling increases the WC-Co removal rate, but degrades the EBSD patterns leading to poor indexing and can trigger the Co cubic to hexagonal phase transformation, even at glancing angles ( < 0.5°) [14, 25] . The PECS and Illion BIB milling tests revealed that even at the maximum available Ar + ion beam energies 5 no
Co cubic to hexagonal phase transformation was found at glancing angles. Some small amounts of hexagonal Co was observed which existed before BIB milling (see the yellow region in Fig. 5c ), as also seen in [21] . Polishing at high ion energies tends to produce rougher surfaces with small < 30 nm deep elliptical dimples for both systems, nevertheless even under these conditions more than 80% of EBSD patterns were indexed. For all the broad beam energies studied, even for a specimen rocking/rotation mode, the curtaining effect was apparent on polished surfaces; however this effect was less apparent for the PECS. Fig. 5a -b shows SEM images of surfaces of WC-11 wt% Co after optimised BIBs milling. These BIB settings gave EBSD pattern indexing rates better than 96% (Fig. 5c-d) , outperforming FIB milling [10] .
The distinctive influence of surface topography on spatial position of the EBSD measurement points (SRD distortions) is evident (Fig. 4) . Band contrast maps show a clear correlation between surface topography and quality of analysed Kikuchi patterns (BC) (Figs. 4e-f and  6 ). However the surface finish appears to have a negligible impact on the mapped orientations in this study. Fig. 6a ) and b) show BC and misorientation angle maps, respectively. On both maps the positions of distinctive surface ridges, formed after BIB milling, are indicated by yellow lines. From these maps and the positions of the ridges it can concluded that there is no clear correlation between surface topography and measured crystallographic orientation. EBSP quality deteriorates (darker regions in grains on BC map) in regions where crystal lattice is strained; presented with higher misorientation angles in Fig. 6b . This relationship is clearly observed for Co and ceramic grains. Fig. 6b ) and d) show misorientation angle maps of a large WC grain (G1 in Fig. 6c ) and position of line profiles crossing the area where the surface peak (ridges) and valley is observed. The misorientation angles are uniformly distributed within this grain and the mean misorientation is about 0.35°. This indicates that elastic strain is uniformly distributed within exposed area of grain G1. Selecting this grain allows us to separate the misorientation angles variations due to residual strain gradients and these variations that could originate from the surface roughness. Line profiles (1 and 2) of misorientation angles and line profiles of band contrast in Fig. 6e clearly show that surface topography does not influence the measured orientations. Indeed, the EBSD signal is collected from a certain volume of material (the bigger, the higher electron energies used) thus local surface profiles or the superficial surface lattice imperfections, e.g. dislocations, are not captured by the orientation data. the image area, whereas in e) and e) the angle is 52°. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
The surface planarity and roughness
BIB milling could potentially open up the serial sectioning of millimetre size patches but surface planarity is potentially an issue. Ion beams typically have a conical shape with the ion flux gradually decreasing from the centre outwards. In BIB systems usually a half of the beam is used for milling/polishing by stopping/deflecting the beam with a blanking blade. Typically this leads to a macroscopically curved (concave) surface with a relatively flat central area, the size of which depends on the BIB gun used. During milling/polishing of successive slices, the roughness of the surface of samples evolves in a different manner for the two systems. Both lead to elliptical dimples appearing in a random pattern (Fig. 7a-b) , however, Illion milling can lead to ridges perpendicular to the ion beam which move across the titanium shield and the specimen surface away from the ion source (see Fig. 7b ).
The PECS has the broader ion beam with the sample is mounted on tiltable sample holder (see Fig. 2 upper raw) , so that a larger macroscopically convex area (~2000×1000 µm 2 ) is evenly milled with local waviness in the few micron range (Table 2) . A convex surface is formed because the sample holder for the PECS allows two rotational degrees of freedom between BIB milling and EBSD positions (see Fig. 2 upper raw). The sample in these positions is aligned using optical microscope and alignment markers. Therefore small random positioning errors exist between millings of subsequent slices as a result the convex surface is observed in Fig. 7c . By contrast the Illion has guns similar to those fitted in the Gatan PIPS (Precision Ion Polishing System) used for TEM sample preparation, milling a much smaller concave area (~700×200 µm 2 ) as shown in Fig. 5a -b and 7c-d with the waviness significantly larger than the PECS; see Table 2 . The sample used here is rigidly fixed to the Ti shield, while for the BIB milling it is pushed along the guides into the correct position (see Fig. 2 bottom  row) . In this case, the sample placement is very precise and a convex surface is observed. Since both BIB milled surface are not perfectly flat, the areas selected for EBSD mapping were 150×150 µm 2 over which the surface is essentially macroscopically flat with local surface roughness.
In order to assess the surface profiles with higher spatial resolution, 100 µm long crossed trenches were FIB milled in the centres of the milled areas. Fig. 8 shows perpendicular and parallel to the beam surface profiles for both BIBs. The PECS polished surfaces are much smoother than the Illion polished ones, see Table 2 with an accordingly smaller maximum profile peak height.
Slice thickness measurement
The principle of slice thickness measurement using the four crossed markers is shown in Fig. 3 . When a slice of thickness, h i , is milled away the difference between fiducial marks spacing l i and l i+1 can be calculated, and h i determined from Eq. (1). Fig. 9 shows the slice thickness as calculated from four crossed markers for each layer. Additionally, Fig. 10 and Fig. 11 combine these results slice by slice to show how the slices would appear if viewed from the side and the top.
For a given slice number there is variation in thickness measured at each of the crossed markers. This is particularly evident for the Illion BIB (Fig. 9) . The slice to slice variation in mean thickness is also large (min.~0.4 µm; max.~1.4 µm; standard deviation 0.20 µm) and essentially random around the mean slice thickness (z m =0.74 µm) for the whole stack. This is probably due to the large variation in surface roughness (see Fig. 8a-b) rather than instability in the BIB milling conditions or an error driven by positioning the sample in the BIB. The surface roughness and the maximum profile peak height limit the minimum slice thickness that can be achieved for a given material. Here, the minimum slice thickness is about 700 nm. It should be noted that the sample was remounted onto a new Ti shield after slice no. 23 giving rise to the outlier of~1.4 µm slice thickness observed in Fig. 9c . The thickness of the PECS milled slices show less variation for a given location, however the mean slice thickness shows a consistent difference between that at the front, centre and end of the stack. This difference is thought to be related to three sources of operational error; uncertainty of the manual control of the Ar + beam current, the angular positioning error associated with the revolving sample holder (see Fig. 2 ) and uncertainty associated with the surface profile (see Fig. 8a-b) . Overall, the mean slice thickness is z m =0.28 µm with the standard deviation of σz m =0.14 µm. The mean slice thicknesses are used in the statistical analyses and for the visualisation of microstructures. Since the maximum peak height is much smaller for the PECS a smaller minimum slice thickness of about 300 nm was used. The stacked data ( Fig. 10 and Fig. 11 ) clearly show that the slices are not only unevenly spaced but the faces are not exactly parallel to one other. The milling proceeds in a relatively consistent manner, but the milled surface is always at a small angle to the beam. Both BIBs graphs show that the initial few slices were relatively flat and parallel with little tilt. However, the milling then appears to have accelerated at the top corner (left for the PECS and right for the Illion), producing a significant twist from top to bottom. Similar uncertainties were recently observed for FIB based serial sectioning [18, 19] , which is routinely used for the 3D visualisation of microstructure of crystalline materials. It was found that FIB removed slices were tapered with the slice thickness varying from the target figure by up to 20% at the top of the stack and by up to 60% at the base. Despite the evidence to the contrary, FIB-EBSD based SST is normally based on an assumption that the slices are evenly spaced and parallel in the 3D reconstruction, nevertheless morphological features such as grain size distribution are quantified reliably [14] .
Accurate 3D reconstruction: WC grain morphologies
During sintering the average WC grain size increases by an Ostwald ripening mechanism. WC grains are facetted and thus have a tendency for clustering and the growth of large and abnormal grains [14, 35, [43] [44] [45] . A variety of grain shapes have been used to evaluate the grains e.g. cubic, tetrakaidecahedral, truncated triangular prisms (TTP) and others [14, 21, 36, 45, 46] . Fig. 12a shows the shape of a WC grain represented by a TTP which is often used in the analysis of WC-Co alloys when they are close to the equilibrium state, i.e. alloys with large WC grains and high Co content. However, many alloys used for typical industrial applications are finer grained with lower Co content. Fig. 12b shows WC grains from a 1 µm mean grain size, 6 wt% alloy, extracted from the Co matrix by chemical dissolution of the Co. These extracted grains show morphological characteristics of WC grains in the nonequilibrium state, such as faceted grain surfaces, non-faceted grain surfaces, stepped (terraced) surface structures, terrace steps, and planar defects. Accurate 3D data allows for a comprehensive quantification of the microstructural features, and many numerous aspects unobtainable from 2D data, such as analyses of individual grains or clusters of grains provide information of morphology of voids, edges, corners, grain boundary planes, triple junctions, relative grain boundary energies, lattice misorientation of the neighbouring grains, the effects of impingement on grain coarsening, grain voids, networks of intergranular and transgranular cracks, etc. [1, 4, 47, 48] . Equally, if data acquisition errors and artefacts are neglected, inferences drawn from 3D spatial, morphological and crystallographic characterisation may be incorrect.
Given that the Illion data set is the more distorted it is the focus of our correction measures for the accurate reconstruction of the WC grains. Fig. 13 shows the reconstructed WC grains, obtained by Illion BIB milling, based on the raw stack of IPF images and after correction using the SEM/EBSD image pair automated co-registration described in Section 2.3 (see [41] for more details). From Fig. 13a and Fig. 12b it is clear that grains reconstructed using the raw data are severely deformed which could lead to false conclusions regarding WC mor- phology and faceting. These distortions originate from three sources:
(a) Imperfections in the EBSD line scanning acquisition system and environmental effects. These arise from drifts that can occur during the long acquisition times (~2 h) needed to scan using a small EBSD step size ( < 300 nm) over a large area (100 s of µm 2 ). (b) The surface planarity and roughness (see Section 3.2). The BIB milled surfaces are curved with notable surface roughness. The electron beam while scanning the surface encounters different diffraction conditions for EBSD distorting the mapped image (see Fig. 4a ). This effect is enhanced by the high angle of incidence of the electron beam to the sample surface (70°) when acquiring EBSD data.
(c) The unevenly spaced, twisted and tilted nature of successive slices (see Section 3.3). This source of error is not corrected in current study.
Sources (a) and (b), particularly the bowing of the surface, contribute to EBSD image distortions that randomly appear across large areas of the images and are more marked in the Y-direction, the stage tilt correction direction. These long-range distortions are corrected using our automated co-registration algorithms described in detail elsewhere [41] . Fig. 13b shows the cluster of WC grains after long-range correction after which the grain shapes are more similar to those observed in Fig. 12 .
The sources of error (a) and (b) also contribute to FIB SST. However the image distortions are smaller, firstly because the FIB milled surface is much flatter and smoother and secondly because being smaller in area the EBSD images are mapped much faster than for large area BIB. In particular the surface roughness (see Fig. 7 and Fig. 8) , is responsible for the local distortion of the 2D images (see Fig. 4 ) as well as distortions of the facets of the WC grains (see Fig. 13c ). Consequently, short-range corrections further improve the reconstructed 3-D data, see Fig. 13c , giving grains with very flat facets with a few curved regions near the facet edges.
It should be noted that SST assumes evenly spaced and parallel slices in the 3D reconstruction. Failure to correct for slices that are not parallel or unevenly spaced will distort the grains in the Z direction. The statistical analyses of WC grain size distribution in our accompanying paper [41] and the results from FIB based SST [14] suggests that the uncertainty in the slice thickness and the imperfect registration of successive slices have only a marginal impact on coarse morphological measures such as the overall grain sizes measured. However for the study of morphology of voids, edges, corners, grain boundary planes, triple junctions, etc. will be certainly affected by the errors related to the stack spacing and mutual positioning.
Conclusions
We have explored the application of broad ion beam systems for large volume serial Section 3D-EBSD. Very large area serial section tomography is possible with areas as large as 1000-2000 µm becoming feasible. Excellent EBSD indexing rates were achieved after BIB polishing. It should be noted that many of the artefacts associated with large area EBSD, unless corrected for, are a consequence of the (long) acquisition process and will be present in all large area datasets whether prepared by BIB or not. Such artefacts are usually ignored. Here we have quantified the uncertainties and errors associated BIB serial section milling, 3D EBSD data acquisition, post-processing and Co alloy [14] . The A arrow marks a non-faceted grain surface, the B arrow a faceted grain surface, the C arrow a stepped (terraced) surface structure, the D arrow shows a terrace step, and the E arrow a planar defect. Fig. 13 . 3D reconstruction of microstructure of WC grains in WC-11 wt%Co cermet sectioned using a Illion broad ion beam. (a) reconstructed cluster of grains from the raw data, (b) the data corrected using the long-range corrections and (c) the data after long and short-range corrections.
3D visualisation. We have applied a correction method described in our accompanying paper [41] based on SEM/EBSD image pair co-registration to correct image datasets collected for a WC-Co hardmetal. This approach allows 3D EBSD data with large uncertainties and artefacts to be corrected and used for quantitative analyses and 3D visualisation. Based on analyses of the hardmetal the following list of key findings are reported:
• in contrast to FIB milling [13] , glancing angle broad argon ion beam polishing for optimised BIB settings does not trigger the Co cubic to hexagonal phase transformation.
• both PECS and Illion BIB systems produce large ( > 250×250 µm 2 ) pristine surfaces suitable for high resolution EBSD mapping.
• there is no clear correlation between surface topography and crystallographic orientation.
• surface bowing, surface roughness and curtaining effects were observed on the surfaces, leading to significant random distortions (dozens of pixels) of the stack of 2D EBSD maps, both locally and across the whole images.
• while the BIBs systems create very large (millimetre sized) areas, smaller regions ( > 200×200 µm 2 ) were sufficiently flat for serial section tomography. The PECS milled surfaces were superior to those from the Illion, having significantly lower surface curvature and surface roughness. Larger areas will become possible through automated BIB provided the absolute 3D geometry is not needed.
• given the surface roughness/flatness, the minimum slice thickness was around 300 nm for the PECS and about 700 nm for the Illion.
• the thickness and parallelity of successive slices varied mainly as a result of manually transferring between milling and imaging systems.
Of course the manual transfer between Broad Ion Beam and SEM is extremely laborious taking around 35 days to complete 35 serial slices in this proof of concept study. The real advantages of the technique will only be realised when the sample is automatically transferred between BIB and SEM [37] such that many hundreds of slices can be completed in a few days without human intervention.
Our study has shown that geometrically accurate large area ( > 250×250 µm) volume reconstructions can be achieved including 3D maps of grain shapes and orientations by EBSD with a high level of indexing and pristine sample surfaces, even for difficult samples such as WC-Co cermets. Such automated milling and data acquisition is likely to become routine over the next few years opening up very large areas (millimetre dimensions) to serial section tomography in feasible timescales, e.g. < 10 min of milling of 10 µm thick layer over 1000×1000 µm 2 area and < 10 min of EBSD data acquisition of 10 6 data points per 2-D map (about 2000 Hz). Certainly volumes that are many orders of magnitude greater than accessible by FIB serial SST will be possible. These may have local variations in flatness. As a result significant corrective procedures are necessary to recover the absolute 3D coordinates over the analysed volume. However, the uncorrected 3D volumes maybe quite sufficient for the majority of morphological, defect, and microstructure characterisation studies. Furthermore, the technique could be applied as a part of a hybrid serial sectioning method whereby high removal rate methods such as lasers and plasma beams are applied along with a BIB polish to achieve high EBSD indexing rates.
